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METHOD FOR EXTRACTIN G CHARGED 
‘PARTICLE BEAM AND SMALL-SIZED 

ACCELERATOR FOR CHARGED PARTICLE 
BEAM 

BACKGROUND OF THE INVENTION 

The present invention relates to an accelerator arranged to 
circulate a charged particle beam for boosting the beam 
energy and then to extract the beam and a medical apparatus 
to which the accelerator is applied. In particular, the inven 
tion relates to a small-sized accelerator which is preferable 
to easily obtaining the excellent charged particle beam with 
a constant beam diameter and a medical apparatus to which 
the small-sized accelerator is applied. 
The conventional accelerator as shown in FIG. 1 is 

arranged to accelerate a charged particle beam and then to 
extract and transport the accelerated beam so that the beam 
may be used for a physical experiment or a medical purpose. 
The charged particle beam, which is injected from an 
accelerator 34 at the previous stage and then is introduced 
inside of a circular accelerator through the elfect of an 
injector unit 15 and an injecting pulse electromagnet 35, is 
circulated along a beam central orbit 1 located at the center 
of a vacuum duct 10 as the beam is kept betatron-oscillated. 
Such a beam circulating type accelerator is ordinarily 
referred to as a circular accelerator. When the circular 
accelerator operates to extract the charged particle beam, the 
betatron oscillations occurring on the horizontal plane of the 
beam are resonated through the eifect of a focusing quadru 
pole magnet 5, a defocusing quadrupole magnet 6 and a 
multipole magnet for exciting resonance 9 for increasing the 
amplitude of the betatron oscillations, so that the charged 
particle beam may be extracted from an extracting de?ector 
4, thereby utilizing the charged particle beam in a medical 
treatment room or a laboratory 33. Herein and hereafter, the 
term “magnet” refers to an electromagnet. 

The focusing quadruple magnet 5 provides a horizontally 
focusing e?°ect and a vertically defocusing eifect. That is, if 
the magnet 5 is considered as an optical system, the focusing 
quadrupole magnet 5 horizontally corresponds to a convex 
lens or vertically corresponds to a concave lens. Likewise, 
the defocusing quadrupole magnet 6 provides a horizontally 
defocusing effect, that is, horizontally corresponds to a 
concave lens and a vertically focusing elfect, that is, verti 
cally corresponds to a convex lens. If the particles are 
resonated, the amplitude of the betatron oscillations of the 
particles is increased. To allow the particles to be extracted 
from the extracting de?ector 4 without collision against the 
vacuum duct 10, there are provided extracting bump mag 
nets 61 and 62 in the conventional accelerator. 

The resonance of betatron oscillations is discussed in ATP 
Conference Proceedings, No. 127, 1983, pp. 52 to 61. This 
is a phenomenon to be discussed below. The charged par~ 
ticles are circulated as the particles are kept horizontally and 
vertically oscillated. This is called as betatron oscillations. 
The number of betatron oscillations per one circulation of a 
circular orbit is called as a tune. In a case that the tune is 
adjusted to come closer to an integer +1/3, an integer +2/:. or 
an integer +‘/z and at once a multipole magnetic ?eld for 
exciting resonance is excited, among lots of charged par 
ticles being circulated, the charged particles having a larger 
amplitude of the betatron oscillations than a certain level 
abruptly increase their amplitude. This phenomenon is 
referred to as resonance of betatron oscillations. Further, the 
resonance given if the tune is adjusted to come closer to an 
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2 
integer 41/2 is referred to as second order resonance. The 
resonance given if the tune is adjusted to come closer to an 
integer +1/3 or an integer +2/a is referred to as third order 
resonance. The border of resonance occurrence is referred to 
as stability limit of resonance. The magnitude of the stability 
limit changes depending on the strength of multipole mag 
netic ?eld for exciting resonance and the value of a decimal 
part of the tune. The value of the tune is controlled by the 
intensity of the quadrupole magnetic ?eld. 
The later description will be expanded based on the case 

of the third resonance, that is, the case that the tune is 
adjusted to come closer to an integer +l/a. That is, assuming 
that the decimal part of the tune is Av (=0.33), in the 
multipole magnet for exciting resonance; the displacement 
of the betatron oscillations is substantially made equal at 
each of about l/Av circulation. If Av is equal to about 0.33, 
by applying such a magnetic ?eld as effectively increasing 
the betatron oscillations to a beam of m-th circulation, 
(m+l)th circulation, or (m+2)th circulation, the beam dis 
placement of m-th circulation is substantially same as that of 
(m+3)th circulation. Likewise, the beam displacement of 
(m+l)th circulation is substantially same as that of (m+4)th 
circulation and the beam displacement of (m+2)th is sub 
stantially same as that of (m+5)th. Hence, the amplitude of 
the betatron oscillations is remarkably increased. In particu 
lar, if Av comes closer and closer to 1/3, the same displace 
ment of the betatron oscillations takes place at each of three 
circulations. The multipole magnetic ?eld for exciting reso 
nance is made more effective so that the amplitude of the 
betatron amplitude is likely to abruptly increase. That is, the 
stability limit of resonance is made smaller as the deviation 
of the tune from an integer +‘/; is made smaller and as the 
multipole magnetic ?eld for exciting resonance is made 
stronger. As such, the conventional apparatus is arranged to 
take the steps of adjusting the tune to come closer to an 
integer +1/3, resonating the charged particles having a larger 
amplitude of betatron oscillations, selected among the 
charged particles being circulated, then making the tune 
come far closer to an integer +1/3 for reducing the stability 
limit of resonance, and thereby resonating the charged 
particles having a smaller amplitude of betatron oscillations. 
The tune control is executed by controlling the strength of 
the magnetic ?eld of the quadrupole magnets 5 and 6 
provided on the circular orbit shown in FIG. 1, that is, the 
current of the quadrupole magnets 5 and 6. 
The particles in which the betatron oscillations are reso 

nated are likely to increase their oscillation amplitudes and 
reduce a distance between the inner wall of the vacuum duct 
10 and the particles as the particles are circulating more and 
more and more. The extracting bump magnets 61 and 62 are 
used for shifting the central orbit 1 of the oscillated beam 
locally toward the extracting de?ector 4 before the extrac 
tion in order that the beam may be taken out of the extraction 
de?ection 4 before the particles collide against the inner wall 
of the vacuum duct. The orbit locally moved by the bump 
magnets is referred to as a bump orbit. FIG. 2 shows a bump 
orbit 11 linearly indicated between the bump magnets 61 and 
62. In FIG. 2, a numeral 20 denotes an electrode of the 
extracting de?ector 4, in which the resonated particles, that 
is, the particles having an amplitude of increased oscilla 
tions, are extracted from the electrode 20 to the outside. In 
FIGS. 1 and 2, two bump magnets for extraction are pro 
vided. In place, four or ?ve bump magnets may be used. The ' 
bump orbit 11 is moved in the extracting process in order to 
keep the orbit of the beam extracted by the extracting 
de?ector 4 constant. Hence, plural bump magnets operate to 
change the strengths of their magnetic ?elds in the process 
of extraction, respectively. 
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On the other hand, as the prior art, there has been 
proposed a method for increasing the amplitude of the 
betatron oscillations and thereby bringing about resonance 
while keeping the tune constant, that is, each strength of the 
magnetic ?elds of the quadrupole magnets 5 and 6 constant. 
The apparatus arrangement for this prior art is shown in FIG. 
3. This apparatus arrangement is different from that shown 
in FIG. I is provision of a unit for applying a radio frequency 
14. As described in US. patent application Ser. No. 07/958, 
161 Kazuo Hiramoto et al., ?led Oct. 8, 1992, now US Pat. 
No. 5,363,008, all disclosure thereof being incorporated 
herein by reference, the apparatus is arranged to control the 
tune to be constant, that is, the excitations of the quadrupole 
magnets 5 and 7 to be constant, or exciting the multipole 
magnet 9 for exciting resonance, and applying a radio 
frequency to a beam through the e?rect of the unit 14 for the 
purpose of increasing the amplitude of betatron oscillations 
and thereby causing the resonance. By this operation, this 
apparatus enables to extract a beam having a small diameter. 
When the beam is extracted, like the prior arts shown in 
FIGS. 1 and 2, the bump magnets are excited so as to form 
a bump orbit. 

The foregoing prior art has the following problems. 
As a ?rst problem, the accelerator is made larger because 

lots of quadrupole magnets are required to be installed. 
As a second problem, the control is made complicated, 

because lots of quadrupole magnets are required to be 
controlled. 
As a third problem, the bump magnets are required to be 

provided for amending the change of an orbit of an extracted 
beam. This enlarges the accelerator more. Further, the asso 
ciative control of the bump magnets is made complicated in 
the process of extracting a beam. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide an 
accelerator which provides a simpli?ed and small-sized 
arrangement and an easy' controllable ?mction and enables 
to obtain a charged particle beam and a medical apparatus to 
which the accelerator is applied. 
The object is achieved by providing a circular accelerator 

arranged to circulate a charged particle beam through the 
bending effect of a bending magnet, set the tune of the 
charged particle beam being circulated as the beam is 
betatron-oscillated to a predetermined value through the 
effect of a quadrupole magnetic ?eld, bring about resonance 
of the charged particle beam being circulated at the tune of 
the predetermined value, increase the amplitude of the 
betatron oscillations up to the stability limit, and extract the 
charged particle beam, the circular accelerator being com 
posed of plural pairs of a ?rst bending magnet having such 
a pole form as causing a quadrupole magnetic ?eld compo 
nent allowing the charged particle beam being circulated to 
be horizontally focused and the beam to be vertically 
defocused and a second bending magnet having such a pole 
form as causing a quadrupole magnetic ?eld component 
allowing the charged particle beam being circulated to be 
horizontally defocused and the beam to be vertically 
focused. 
The charged particle beam is circulated not along the 

central orbit of the vacuum duct of the accelerator but as it 
is betatron-oscillated horizontally and vertically around the 
central orbit. When the beam is extracted, the resonance of 
the betatron oscillations is used. Thus, the present invention 
is arranged to provide the bending magnet with a quadrupole 
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4 
magnetic ?eld ?mction in consideration of the tune. Hence, 
the invention does not need to provide the quadrupole 
magnets, so that it may be reduced in size and more easily 
controlled and output an excellent charged particle beam. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic plane perspective showing the 
conventional accelerator for a charged particle beam; 

FIG. 2 is a schematic block diagram showing a bump orbit 
of the conventional accelerator; 

FIG. 3 is a schematic plane perspective showing another 
example of the conventional accelerator for a charged par 
ticle beam; 

FIG. 4 is a schematic plane perspective showing an 
accelerator for a charged particle beam according to a ?rst 
embodiment of the present invention; 

FIG. 5 is an explanatory view showing how a bending 
magnet in the ?rst embodiment brings about a quadrupole 
magnetic ?eld component; 

FIG. 6 is a perspective view showing how a bending 
magnet in the ?rst embodiment brings about a quadrupole 
magnetic ?eld component; 

FIG. 7 is a view showing a phase space of the charged 
particle beam being circulated within the stability limit of 
resonance in the ?rst embodiment; 

FIG. 8 is a view showing phase spaces of the resonated 
charged particle beam and of the charged particle beam 
being circulated within the stability limit of resonance like 
FIG. 7; 

FIG. 9 is a schematic section showing the bending magnet 
shown in FIG. 4_; 

FIG. 10 is a schematic section showing the bending 
magnet shown in FIG. 4; 

FIG. 11 is a flowchart showing a driving procedure to be 
executed when the charged particle beam is extracted in the 
?rst embodiment; 

FIG. 12 is a schematic block diagram showing a unit for 
applying a radio frequency included in the ?rst embodiment; 

FIG. 13 is a schematic plane perspective showing an 
accelerator for a charged particle beam according to another 
embodiment of the present invention; and 

FIG. 14 is a ?owchart showing a driving procedure to be 
executed when the charged particle beam is extracted in the 
?rst embodiment. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Later, an embodiment of the present invention will be 
described with reference to the drawings. 

FIG. 4 shows a circular accelerator according to the 
embodiment of the invention. This circular accelerator is 
arranged to have an injector unit 15 and an injecting pulse 
magnet 35 for injecting a charged particle beam extracted by 
an accelerator 34 located at the previous stage and passed 
through a beam transporting system, a radio frequency 
accelerating cavity body 8 for accelerating the charged 
particle beam being circulated in the circular accelerator, a 
bending magnet 2 provided with a focusing quadrupole 
magnet, a bending magnet 3 provided with a defocusing 
quadrupole magnet, a multipole magnet 9 for generating a 
stability limit of resonance, a radio frequency applying unit 
14 for increasing the amplitude of the betatron oscillations 
of the charged particle beam until it exceeds the stability 
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limit of resonance, and an extracting de?ector. The circular 
accelerator of this embodiment does not use the bump 
magnets 61 and 62 for extraction and quadrupole magnets 5 
and 6, which have been provided in the conventional circular 
accelerator. 
The radio frequency applying unit 14 operates to increase 

the amplitude of the betatron oscillations of the beam over 
the stability limit of resonance so that the betatron oscilla 
tions may be resonated. When this resonance is generated, 
the conventional circular accelerator keeps the stability limit 
constant by controlling the power of lots of quadrupole 
magnets to be constant. This embodiment, however, keeps 
the stability limit constant through the effect of the bending 
magnets 2 and 3 without using any quadrupole magnet. 
Hence, the bending magnet of this embodiment is arranged 
to generate a dipole magnetic ?eld for bending as well as a 
quadrupole (or more pole) magnetic ?eld by selecting the 
form of the magnetic pole. The excitation of the coils of the 
bending magnets 2 and 3 makes it possible to generate a 
proper quadrupole magnetic ?eld. That is, the forms of the 
magnetic poles of the bending magnets 2 and 3 are selected 
to keep a tune proper and the current passing through the 
bending magnets 2 and 3 is increased so that the beam 
reaches the target energy. If so, the tune required for extract“ 
ing the beam is automatically achieved in the state of 
terminating the acceleration. In addition, to generate the 
resonance by the multipole magnet 9 provided for causing 
the resonance in this embodiment, the multipole magnetic 
?eld is required. The multipole magnetic ?eld may be 
generated by the bending magnet. 
As mentioned above, this embodiment is arranged so that 

the bending magnets 2 and 3 may generate a proper qua 
drupole magnetic ?eld. Hence, this embodiment does not 
need a lots of quadrupole magnets whose control is very 
complicated, while the conventional circular accelerator 
uses them. This makes it possible to reduce the circular 
accelerator in size, reduce the peripheral length of the 
accelerator to be 20 m or less and simplify the driving 
operation. 

In the accelerator for accelerating the beam and extracting 
the accelerated beam, the maximum length of a linear part 
is de?ned by the lengths of the quadrupole magnets 5, 6 and 
the extracting de?ector 4 as shown in FIG. 2. The conven 
tional circular accelerator needs a length of 2 m or more. As 
described above, the circular accelerator according to the 
invention does not need any quadrupole magnet and thereby 
is arranged to suppress the linear part to be 2 m or less, 
thereby allowing the overall accelerator to be reduced in 
size. The peripheral length of the accelerator is also lessened 
by about 20 m or less. Further, the driving operation may be 
simpli?ed. 

FIG. 5 is a view showing a magnetic pole of the bending 
magnet 3 provided with the defocusing quadrupole magnetic , 
function for generating a quadrupole magnetic ?eld and a 
part of a gap between the magnetic poles and shows the 
section cut on V-V' of FIG. 4. In FIG. 5, the beam travels 
as if the beam is coming out of the drawing paper. A numeral 
101 denotes a part facing to the gap between the magnetic 
poles. The center of the curvature of the magnet is located 
in the negative side of x so that the gap size may be 
progressively increased toward the positive side of x, that is, 
the radially outer side. That is, the gap width y at the spot 
separated by the distance r from the center of the curvature 
is adjusted to be yzya (r/p)’l (n>1) with a constant of ya, 
wherein p is a curvature radius of the bending magnet and 
is a distance between the center of the curvature shown in 
FIG. 5 and x=y=0. 
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6 
As a result, as will be understood from the direction of the 

magnetic ?eld shown in FIG. 5, on the plane of y=0, the 
magnetic ?eld is restricted only to the component of the 
y-axial direction. The relation between the location of the 
x-axial direction and the vertical magnetic ?eld may be 
substantially represented by a linear function. That is, the 
quadrupole magnetic ?eld is generated. The vertical mag 
netic ?eld is reduced progressively and radially toward the 
outer side. The beam is shifted radially outwardly with 
respect the beam passing through the location of x=O and has 
a larger curvature radius of an orbit. As such, the beam 
shifted radially outwardly is likely to be off the beam passing 
through the location of x=0. Further, the beam which is 
shifted radially inwardly with respect to the beam passing 
through the location of x=0 has a smaller curvature radius. 
As such, the beam shifted radially inwardly is likely to be off 
the beam passing through the location of x=0. These result 
in bringing about a horizontal defocusing function. 

Next, consider the beam behavior in the case that the 
vertical distance is increased from the origin plane of y=0. 
In this case, the horizontal magnetic ?eld is linearly 
increased, in which the direction of the horizontal magnetic 
?eld on the plus side of the y axis is opposite to that caused 
on the minus side of the y axis. In any case, however, the 
force of returning the beam to the plane of y=0 takes place. 
Hence, in the y direction, that is, vertically, the focusing 
function is provided to the beam. The magnitude of the 
focusing or the defocusing function may be controlled by 
changing a gap G, that is, properly selecting a value of n. 

In the above description, the description has been 
expanded in the case that a value of n is equal to or more 
than 1. In the below description, the description has been 
expanded in the case that a value of n is equal to or less than 
1. 

At ?rst, for n<0, the size of the vertical gap G is made 
smaller radially toward the outside of the beam. As a result, 
the vertical magnetic ?eld is made stronger radially toward 
the outside of the beam, so that the horizontal focusing 
function may take place. On the other hand, the horizontal 
magnetic ?eld is made stronger as the value on the y axis is 
increased or decreased from the origin plane of y=0, in 
which the directions of the horizontal magnetic ?elds are 
opposite to the above directions. In this case, the vertical 
defocusing function takes place. That is, the foregoing 
horizontal defocusing function is made to be a focusing 
function, while the foregoing vertical focusing is made to be 
a defocusing function. In the case of n?, no vertical 
focusing or defocusing function is provided, while the 
focusing function is horizontally provided. 
As mentioned above, for n<0, the vertical defocusing 

function is provided for n=0, no vertical focusing or defo 
cusing function is provided, Hence, for 0<n<l, vertically, 
the focusing function is provided. However, horizontally, it 
means that when n enters into O<n, the focusing function is 
maintained for a while before bringing about the defocusing 
function, because the horizontal focusing function takes 
place at n=0. As a result, for 0<n<l, the horizontal and 
vertical focusing functions take place. 
As set forth above, it has been understood that the strength 

of the focusing function or the defocusing function is 
allowed to be controlled by changing the gap G, that is, 
properly selecting a value of n. 

FIG. 6 is a section partially showing the bending magnet 
3 provided with the defocusing quadrupole magnet, in which 
a pair of coils 3B are wound around the part 3A in order that 
a gap G may be formed between the magnetic poles. 
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The circular accelerator includes the bending magnet 2 
arranged to make the value of n negative. The arrangement 
makes it possible to provide a quadrupole magnet function 
having a horizontal focusing e?’ect in addition to such an 
original function as bending the orbit of the beam. The 
bending magnet 3 is arranged to make the value of 11 larger 
than 1. This arrangement makes it possible to provide a 
quadrupole magnet function having a horizontal defocusing 
e?ect and a vertical focusing elfect in addition to such an 
original function as bending the orbit of the beam. 

In turn, the description will be oriented to how the bump 
magnet used in the prior art is eliminated for further reduc 
tion in size in the present embodiment. As shown in FIG. 4, 
the coordinate system is con?gured so that the beam circu~ 
lating direction is denoted by s and the horizontal direction 
is denoted by x. On the x axis, the center of a vacuum duct 
is set to 0 and the radial outside of the beam is set to a 
positive part of the axis. Later, how the beam is horizontally 
extracted will be described with respect to the third reso~ 
nance, for example. 
On the condition that each of the bending magnets 2 and 

3 is activated to generate the quadrupole magnetic ?eld 
required to adjust the horizontal tune to come closer to an 
integer 1% and at once the magnet 9 is activated to generate 
the multipole magnetic ?eld required for causing resonance, 
the stability limit of resonance is kept constant. FIG. 7 shows 
a relation (phase space) between x and dx/ds at each 
circulation of the beam in the case of 5:80, in which so 
denotes an s-directional installing location of the injector 
unit 4 shown in FIG. 4. Broken lines of FIG. 7 indicate the 
stability limit on the phase space. If the amplitude of the 
betatron oscillations is equal to or more than the stability 
limit, the resonance allows the oscillations amplitude to 
abruptly increase at each circulation of the beam. The 
increase of the oscillations amplitude leads to increase of 
charged particles to be rushed against the vacuum duct. 
Then, in order to allow the charged particles to be extracted 

I from the extracting de?ector 4 before the charged particles 
are rushed against the vacuum duct, the present embodiment 
is arranged so that over one circulation of the acceleration 
the central orbit of the beam is shifted from the orbit 
indicated by the numeral 1 of FIG. 4 to the side of the 
extracting de?ector 4 by the bending magnet before extract 
ing the beam. The shifted central orbit of the beam is 
denoted by a numeral 11 of FIG. 4. 

In this state, the phase space of 8:80 of FIG. 4 is shown 
in FIG. 8. In FIG. 8, a numeral 20 denotes two electrodes 
provided in the extracting de?ector 4. A numeral 200 
denotes a vacuum duct wall. Though not shown in FIG. 8, 
at the symmetric negative location on the x axis, likewise, 
the vacuum duct wall 200 is provided. With the shift of the 
central orbit of the beam, the center of the stability limit 
comes closer to the two electrodes 20 provided in the 
extracting de?ector 4 as compared with the phase space at 
the 8:80 as shown in FIG. 7. After the central orbit of the 
beam is shifted, the radio frequency noises are applied to the 
beam. This results in increasing the amplitude of the beta 
tron oscillations in a manner that the particles sequentially 
exceed the stability limit in the order of larger to smaller 
amplitudes of the betatron oscillations. The number of FIG. 
8 indicates the number of circulations. As is understood from 
FIG. 8, the substantially same displacement appears at each 
three circulations. However, the particles having exceeded 
the stability limit gradually increase their oscillation ampli 
tudes. Then, those particles are extracted from the electrode 
20 of the extracting de?ector 4 at an orbit gradient of 
dx/ds=A. By keeping the stability limit constant, the extract 
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8 
ing orbit gradient is allowed to be constant. Hence, the 
circular accelerator of this embodiment does not need the 
bump magnet used in the prior art. Further, it does not also 
need to shift the central orbit of the beam by changing the 
magnetic ?eld strength of the magnet in the extracting 
process, which has been necessarily executed in the prior art. 
As mentioned above, the circular accelerator of this 

embodiment enables to shift the central orbit of the beam on 
the average without having to use the bump magnet. This is 
because a lots of quadrupole magnets are removed and the 
quadrupole magnetic ?eld is generated merely by the bend 
ing magnet. If the conventional accelerator shown in FIG. 1 
changes only the power of the bending magnet, the central 
orbit of the beam is not allowed to be shifted to the side of 
the extracting de?ector on the average. This is done by the 
in?uence of the change of the orbit gradient given by lots of 
quadrupole magnets. As a result, the particles to be rushed 
against the vacuum duct are increased before extracting the 
beam. The beam loss is rather increased accordingly. It 
means that the conventional circular accelerator is arranged 
so that the bump magnet has to be used when extracting the 
beam. The circular accelerator according to the present 
embodiment, however, is arranged to provide a function of 
generating a quadrupole magnetic ?eld with the bending 
magnet for keeping the tune constant, that is, keeping the 
stability limit of resonance constant and apply a radio 
frequency to beam for increasing the amplitude of the 
betatron oscillations of the beam. This arrangement results 
in allowing the bump magnet to be removed. 
To increase the amplitude of the betatron oscillations of a 

particle staying within the stability limit of resonance, there 
have been proposed the following methods of; 

(l) applying an electric ?eld or a magnetic ?eld varying 
with time to the beam, and 

(2) rushing the other particles rather than the extracting 
beam against the beam being extracted. 

In the case of using the magnetic ?eld in the method (1), 
if the extracting plane is horizontal, the magnetic ?eld is 
applied vertically (in the y-axial direction), while if the 
extracting plane is vertical, the magnetic ?eld is applied 
horizontally (in the x-axial direction), for repetitively chang 
ing the orbit gradient of the beam. Though the regular or 
irregular time variation of the magnetic ?eld may be accept 
able, it is preferable that the frequency on which the mag 
netic ?eld is changed with time comes closer to a frequency 
of the betatron oscillations, that is, a value given by multi 
plying the tune by a circulating frequency. In the case of 
using the electric ?eld in the method (1), the electric ?eld is 
required to be applied in the circulating direction, that is, the 
s direction of the beam, if the extracting plane is horizontal, 
in the horizontal direction (x-axial direction), if the extract 
ing plane is vertical, in the vertical direction (y-axial direc 
tion). If the electric ?eld is applied in the s direction of the 
beam, the beam energy changes, which brings about the 
change of a curvature radius of the orbit when the beam 
passes through the bending magnet. This change leads to the 
change of the central orbit of the betatron oscillations. This 
results in causing the change of the amplitude of the betatron 
oscillations. If the electric ?eld is applied in the x-axial or 
the y-axial direction, like the magnetic ?eld, the orbit 
gradient of the beam is changed for magnifying the ampli 
tude of the betatron oscillations. The above change of the 
magnetic ?eld with time holds true to the change of the 
electric ?eld with time. 

For the method of (2), which uses the elfect of increasing 
the amplitude of the betatron oscillations as a result of the 
change of the orbit gradient done by the collision, this is 
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executed on the same principle as the method of (1) using 
the electric ?eld. 

Hereafter, the embodiment of the invention will be more 
concretely described. 

In the circular accelerator shown in FIG. 4, protons 
having energy of about 20 MeV are injected and are accel 
erated until the energy is boosted to 100 MeV. Then, the 
protons are extracted. A hexapole magnet 9, the radio 
frequency applying unit 14, and the extracting de?ector 4 are 
used only in the process of extracting the accelerated beam 
whose energy is boosted to the target. 
The orbit of the beam injected by the injector unit 15 is 

bent by the bending magnets 2 and 3 while the beam is 
circulated. At a time, the bending magnets 2 and 3 operate 
to change the orbit gradient by the force proportional to the 
shift from the central orbit 1 of the beam. The bending 
magnet 2 exerts to change the orbit gradient in a manner to 
horizontally focus the beam or vertically defocus the beam. 
That is, the bending magnet 2 has a negative n index and has 
a sectional structure as shown in FIG. 9. The bending 
magnet 3 exerts to change the orbit gradient in a manner to 
horizontally defocus the beam or vertically focus the beam. 
That is, the bending magnet 3 has a negative 11 index and has 
a sectional structure as shown in FIG. 10. These bending 
magnets operate to circulate the beam along the orbit 1 as the 
beam is betatronaoscillated. The number of the betatron 
oscillations is de?ned by the strengths of the quadrupole 
magnetic ?elds of the bending'magnets 2 and 3, that is, the 
magnitude of the 11 index. In this embodiment, the n indexes, 
that is, the pole forms of the bending magnets 2 and 3 are 
adjusted to set the horizontal tune nx to 1.70 and the vertical 
tune ny to 0.75. In this state, the beam is stably circulated in 
the accelerator, when the radio frequency accelerating cavity 
body 8 operates to apply the radio frequency energy having 
the frequency on which the beam is circulated to the beam 
being circulated. As the energy is being applied to the beam 
by the radio frequency accelerating cavity body 8, the 
passing currents of the bending magnets 2 and 3 are 
increased. The increases of the currents of the bending 
magnets lead to increasing the dipole magnetic ?elds and the 
quadrupole magnetic ?elds as keeping these ?elds at a 
constant ratio. That is, the beam energy is allowed to be 
boosted as keeping the tune constant. 

FIG. 11 is a ?owchart showing an operating procedure for 
extracting the charged particles accelerated to hold the target 
energy. At ?rst, at a step S1, the operation is executed to stop 
the supply of energy from the radio frequency accelerating 
cavity body 8 to a beam. Then, at a step S2, the current is fed 
to the hexapole magnet 9 for exciting resonance. At a step 
S3, the strength of the bending magnet is slightly diminished 
so as to shift the central orbit of the beam to the side of the 
extracting de?ector over one circulation of the accelerator as 
shown by the broken line -of FIG. 4. If the extracting 
de?ector is located inside of the accelerator, conversely, the 
bending magnet is slightly made stronger so as to shift the 
central orbit of the beam to the inner side. FIG. 8 shows the 
trace in the phase space (x, dx/ds) at the extracting location 
s=so when the central orbit is shifted outwardly. A triangle 
PQR surrounded by the broken lines of FIG. 8 indicates the 
stability limit. The trace of the particles on the phase space 
is formed like a similar triangle whose size is diiferent. The 
current to be ?own to the hexapole magnet 9 is kept to be 
such a value that the particles of the beam being circulated 
are allowed to be held inside of the stability limit PQR if 
those particles have a large amplitude of betatron oscilla 
tions. The value is derived by calculation in advance or 
repeating the extracting operation. 
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At a next step S4, the operation is executed to enable the 

radio frequency applying ‘unit 14 to apply an irregularly 
time-variable radio frequency, that is, radio frequency noises 
to the charged particle beam. FIG. 12 shows the structure of 
the radio frequency applying unit 14. In FIG. 12, numerals 
25 and 26 denote bar-like electrodes, which are located 
horizontally in opposite to each other for enabling applica 
tion of a time-variable signal. If the currents of opposite 
polarities are caused to ?ow through the bar~like electrodes, 
respectively, so that the magnetic ?eld and the electric ?eld 
oriented in the direction shown in FIG. 12 are applied to the 
charged particle beam. A numeral 23 denotes a load resis 
tance, which connects both of the electrodes with each other 
so as to prevent the applied current from being re?ected at 
the electrode end and returning to the power supply. By the 
effects of the magnetic ?eld and the electric ?eld, the orbit 
gradient of the beam changes so that the betatron oscillation 
amplitude of the beam within the phase space as shown in 
FIG. 8 begins to increase. The particles exceeding the 
stability limit are led between the two electrodes 20 of the 
extracting de?ector 4 and then extracted out of the de?ector 
4, because the amplitude of the betatron oscillations of those 
particles are abruptly increased by resonance. Afterward, by 
applying the irregular signal to the electrodes 25 and 26, the 
amplitude of the betatron oscillations of the particles gradu 
ally increases. Even the particles having a small amplitude 
of the betatron oscillations at the initial stage exceed the 
stability limit as shown in FIG. 8 so that those particles are 
extracted through the extracting de?ector 4 (step S5). In the 
phase space shown in FIG. 8, the stability limit is constant, 
so that the orbit gradient dx/ds of the extracted beam is also 
maintained as a constant A in the extracting process. 

It is preferable that the radio frequency for increasing the 
betatron oscillations of the beam contains the frequency on 
which the betatron oscillations take place. The fundamental 
frequency of the betatron oscillations corresponds to a 
product of a circulating frequency and a decimal part of the 
tune. On the other hand, the beam being circulated contains 
the particles whose movements are shifted from the prede 
terrnined values given when the accelerator is designed. The 
tune of those particles is also shifted from the predetermined 
value. Further, when the multipole magnet is exerted, the 
tune of the particles having a large amplitude of the betatron 
oscillations is likely to shift from the tune of the particles 
having a small amplitude of the betatron oscillations. Hence, 
the radio frequency source 24 shown in FIG. 12 is arranged 
to feed a frequency spectrum having a width of about —0.05 
fr with a frequency 0.7 fr as a center, in which fr denotes a 
circulating frequency. Moreover, the similar extraction can 
be realized if the similar width is held with (m+0.7)fr as a 
center. 

As described above, by extracting the beam as keeping the 
stability limit constant, the extraction of the beam at a 
constant orbit gradient can be realized without having to use 
the extracting bump magnet and change the strength of the 
extracting de?ector of the bending magnet in the extracting 
process. As such, the excellent charged particle beam whose 
diameter is small is allowed to be transported to a curing 
room (or experiment chamber) 33. If the change of the 
stability limit is about 20% or less, the change of the orbit 
gradient of the extracted beam is so light that no substantial 
difference between this change of the stability limit and the 
constant stability limit may take place. The magnitude of the 
stability limit is proportional to a difference between a 
decimal part (0.70 in this embodiment) of the tune and 2/3 or 
1/3 (a difference between a decimal part of the tune and 0.5 
in the case of the second resonance). Hence, by keeping the 
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change of the tune 0.005 or less, it is possible to suppress the 
change of the stability limit to be 20% or less. That is, the 
similar extraction to the above can be executed. 

FIG. 13 is a view showing a circular accelerator according 
to a second embodiment of the present invention. The 
arrangement of the second embodiment is different from that 
of the ?rst embodiment in the respect that just one kind of 
bending magnets are provided. The bending magnet 12 used 
in this embodiment is formed to spread the magnetic pole 
toward the radially outside. This bending magnet 12 has the 
11 index described with respect to the ?rst embodiment as a 
positive form. As described above, if the gap between the 
magnetic poles of the bending magnet is made gradually 
wider toward the radially outside, the bending magnet 
provides a vertically focusing effect on the beam. If the 
change of the gap is made so gradual as keeping n in the 
range from 0 to l, the bending magnet provides a horizon 
tally focusing effect on the beam. As such, the second 
embodiment is arranged to use one kind of bending magnets 
whose 11 index ranges from O to l and have the horizontal 
and the vertical focusing effects on the beam. The gap 
between the magnetic poles is adjusted so that the horizontal 
tune and the vertical tune are both set to be 0.75. 

Further, the second embodiment provides one quadrupole 
magnet 13 by which the horizontal tune is changed from 
0.75 to 0.70 before extracting the beam. In this embodiment, 
the changed tune is set as 0.70. In practice, it is just 
necessary to suppress a deviation of the decimal part of the 
tune from 1/3, 2/3 or 1/2 to be 0.05 or less. After the beam is 
injected by the injector unit 15, by increasing the power of 
the bending magnet 12 as the radio frequency accelerating 
cavity 8 is applying radio frequency energy to the charged 
particle beam, the beam is accelerated so that the beam can 
reach the necessary energy. During this operation, the tune 
is kept constant. The ?owchart showing the operating pro~ 
cedure given when the beam reaches the necessary energy is 
shown in FIG. 14. 

After the beam obtains the necessary energy, as described 
at a step $11, the supply of the radio frequency energy is 
stopped. Then, as described at a step S12, the quadrupole 
magnet 13 is operated to set the horizontal tune to be 0.70. 
Then, the value is kept constant. At a step S13, the hexapole 
magnet 9 for exciting resonance is excited so that the 
stability limit of resonance is set to have a larger value than 
the amplitude of the betatron oscillations of the beam being 
circulated. At a next step S14, the power of the bending 
magnet 12 is made lower so that the central orbit of the beam 
is shifted to the side of the extracting de?ector 4 for one 
circulation. After that, as keeping the power of the magnet 
constant, the radio frequency applying unit 14 is operated to 
apply a radio frequency for increasing the amplitude of the 
betatron oscillations to the beam (step S15). Then, at a step 
S16, the charged particle beam is extracted from the extract 
ing de?ector 4. 

This embodiment is arranged to apply an a.c.signal having 
a frequency f from a power source for an a.c.signal having 
a single frequency to the beam. The frequency f is set to be 
equal to a product of a frequency on which the beam is 
circulated and a decimal part of a tune given when extracting 
the beam, that is, a value of 0.7. The application of the signal 
having such a frequency makes the period of an external 
signal applied from the electrode roughly coincide with the 
period of the betatron oscillations. This results in increasing 
the amplitude of the betatron oscillations of the particles 
staying within the stability limit of resonance to exceed the 
stability limit. Then, the beam is extracted like the ?rst 
embodiment. As described with the ?rst embodiment, how 
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ever, the beam contains the particles whose tune is shifted 
from the predetermined value given when the accelerator is 
designed. Hence, the betatron oscillations of the beam does 
not sufficiently synchronize with the radio frequency applied 
to the beam, so that the accelerating speed of the betatron 
oscillation amplitude may be made lower. In this case, a 
radio frequency a.c. signal having a su?icient large ampli 
tude, the beam is allowed to be extracted at high e?iciency. 
In addition, the above description has concerned with the 
application of a radio frequency from the radio frequency 
applying unit 14. As mentioned above, the use of collision 
of the charged particle beam against the other particles 
makes it possible to increase the amplitude of the betatron 
oscillations. For example, by injecting inert gas when 
extracting the beam, the similar extraction can be realized. 
The accelerator described with respect to the ?rst or the 

second embodiment may apply to a medical device like that 
for cancer. In this case, the beam extracted from the extract 
ing de?ector 4 is transported to a curing room through a 
beam transporting system 32 for curing a patent. The use of 
the circular accelerator according to the embodiment makes 
it possible to extract the beam at a constant gradient. The 
resulting beam has a small beam diameter and hardly 
changes the location. Hence, the beam is suitable to the 
medical treatment. By controlling the strength of the radio 
frequency to be applied to the beam for increasing the 
amplitude of the betatron oscillations, it is possible to 
control the amount of the beam required for medical use. 
The strength of the radio frequency is controlled by prede 
terrnining a time-variable pattern, measuring a beam in the 
extracting process, and making the time-variable pattern 
closer to the optimum value as compared with a desired 
value, or feeding it back at the actual time. 
The circular accelerator according to the present invention 

is small-sized and can be easily driven. Further, the accel 
erator provides a capability of extracting an excellent beam 
whose diameter and locational change is small. 
What is claimed is: 
1. An accelerator comprising: 
a radio frequency accelerating cavity body for accelerat 

ing a charged particle beam; 
a radio frequency applying unit for increasing an ampli 

tude of betatron oscillations of said charged particle 
beam for making said beam exceed a stability limit; 

a multipole magnet for resonating the betatron oscillations 
of said charged particle beam having exceeded the 
stability limit; 

a ?rst bending magnet for horizontally focusing said 
charged particle beam, vertically defocusing said beam 
and bending said beam; and 

a second bending magnet for horizontally defocusing said 
charged particle beam, vertically focusing said beam 
and bending said beam. 

2. An accelerator as claimed in claim 1, wherein the 
change of said stability limit of resonance is suppressed to 
be 20% or less of the stability limit provided when the 
extraction is started. 

3. An accelerator as claimed in claim 1, wherein the 
change of the tune occurring when said beam is extracted is 
suppressed to be 0.005 or less. 

4. An accelerator as claimed in claim 1, wherein the 
amplitude of betatron oscillations is increased by a radio 
frequency having a single or multi-frequency component in 
a manner to excite resonance. 

5. An accelerator as claimed in claim 1, wherein after the 
acceleration is terminated, the central orbit of the beam is 
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shifted to the side of the extracting unit by means of a 
bending magnet before extracting said beam. 

6. An accelerator as claimed in claim 5, wherein the 
change of the power of the bending magnet given when 
extracting the beam and is suppressed to be 1% or less. 

7. An accelerator as claimed in claim 1, wherein the beam 
is controlled by changing the increasing speed of the ampli 
tude of the betatron oscillations staying within the stability 
limit of resonance. 

8. A medical apparatus comprising: 
a curing room for doing medical treatment by a charged 

particle beam; 
an accelerator as claimed in claim 1; and 

a transporting system for transporting said charged par 
ticle beam extracted by said accelerator to said curing 
room. 

9. An accelerator according to claim 1, wherein the 
accelerator is arranged to circulate charged particles, and 
further comprising an extracting unit for extracting a 
charged particle beam, a linear part on which the extracting 
unit is installed having a length of 2 m or less. 

10. An accelerator according to claim 1, wherein the 
accelerator is arranged to circulate charged particles and a 
peripheral length of the accelerator is 20 m or less. 

11. An accelerator comprising: 
a radio frequency accelerating cavity body for accelerat 

ing a charged particle beam; 
a radio frequency applying unit for increasing an ampli 

tude of betatron oscillations of said charged particle 
beam for making said beam exceed a stability limit; 

a ?rst bending magnet for resonating the betatron oscil 
lations of said charged particle beam having exceeded 
the stability limit and bending said charged particle 
beam; 

a second bending magnet for horizontally focusing said 
charged particle beam, vertically defocusing said beam 
and bending said beam; and 

a third bending magnet for horizontally defocusing said 
charged particle beam, vertically focusing said beam 
and bending said beam. 

12. A medical apparatus comprising: 
a curing room for doing medical treatment by a charged 

particle beam; 
an accelerator as claimed in claim 11; and 

a transporting system for transporting said charged par 
ticle beam extracted by said accelerator to said curing 
room. 

13. An accelerator comprising: 
a radio frequency accelerating cavity body for accelerat 

ing a charged particle beam; 
a radio frequency applying unit for increasing an ampli~ 

tude of betatron oscillations of said charged particle 
beam for making said beam exceed a stability limit; 

a multipole magnet for resonating a betatron signal of said 
charged particle beam having exceeded the stability 
limit; 
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a bending magnet for horizontally and vertically focusing 

said charged particle beam and bending said beam; and 
a quadrupole magnet for changing a horizontal tune of 

said charged particle beam. 
14. An accelerator as claimed in claim 13, further com 

prising another bending magnet for generating a magnetic 
?eld component functioning to horizontally and vertically 
focusing the charged particle beam being circulated and 
adjusting the horizontal tune and a vertical tune to prede 
termined values; and a quadrupole magnet for slightly 
changing said predetermined value of the horizontal tune 
before extracting the beam. 

15. An accelerator as claimed in claim 13, wherein said 
horizontal tune changed by said quadrupole magnet is made 
to have a deviation of 0.05 or less between its decimal part 
and any one of V3, 2/3 and 1/z. 

16. A medical apparatus comprising: 
a curing room for doing medical treatment by a charged 

particle beam; 
an accelerator as claimed in claim 13; and 

a transporting system for transporting said charged par 
ticle beam extracted from said accelerator to said 
curing room. 

17. An accelerator having plural magnets for circulating a 
charged particle beam and an extracting unit for resonating 
the betatron oscillations and extracting said charged particle 
beam through the effect of an extracting de?ector, said 
magnets containing bending magnets for generating a dipole 
magnetic ?eld component and a quadrupole or more-pole 
magnetic ?eld component, the quadrupole magnetic ?eld 
component of said bending magnet and the multipolar 
magnetic ?eld of said bending magnet operating to causing 
a stability limit of resonance in concert and to increase an 
amplitude of said betatron oscillations for making said beam 
exceed the stability limit of resonance for exciting reso 
nance, thereby extracting said beam. 

18. An accelerator as claimed in claim 17, further com 
prising means for controlling a power of said bending 
magnets and means for applying a radio frequency signal to 
said beam for resonating said charged particle beam. 

19. An accelerator having magnets for circulating a 
charged particle beam and an extracting unit for resonating 
betatron oscillations and extracting said charged particle 
beam from an extracting de?ector, said magnets having 
bending magnets for generating a dipole magnetic ?eld 
component and a ‘quadrupole or more-pole magnetic ?eld 
component, the quadrupole magnetic ?eld generated by said 
quadrupole magnet and the multipolar magnetic ?eld gen 
erated by said bending magnet operating to generate a 
stability limit of resonance in concert, increase an amplitude 
of said betatron oscillations for making said beam exceed 
the stability limit of resonance for exciting resonance, by 
extracting said beam. 


